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Abstract 
Two new metal-organic frameworks, based on the existing framework Cu3(BTC)2 are 
proposed.  The gas adsorption properties of these frameworks are simulated using Grand 
Canonical Monte Carlo simulations.  The potential for these adsorbents to be used in CO2 
separation processes is also evaluated.  These new frameworks show greater selectivity for CO2 
and also greater tolerance of water than Cu3(BTC)2.  Molecular dynamics simulations show that 
these frameworks are more stable in the presence of water. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Due to the increasing threat of anthropogenic climate change, methods for reducing or eliminating emissions of 
CO2 are of large interest.  Carbon Capture and Storage (CCS) is one such process for mitigating CO2 emissions from 
fossil-fuel power plants.  In this technology CO2 is first separated from other gases either before or after the 
combustion stage.  This purified CO2 is then piped to storage sites where it is sequestered in porous rocks 
underground.  One possible method of separating CO2 from other gases is to use porous physical adsorbents that 
selectively adsorb CO2 over other gases [1].  Once captured the CO2 is then released by changing the adsorption 
conditions.  This general methodology is used in many types of processes, including Pressure Swing Adsorption 
(PSA) [2-4], Vacuum Swing Adsorption (VSA) [5-6], Temperature Swing Adsorption (TSA) [7-8] and Electrical 
Swing Adsorption (ESA) [9].  
 
While the precise conditions of each of these adsorption technologies differ, all have a need for highly selective, 
high capacity adsorbents of CO2.  Several such materials have been proposed for use as adsorbents.  Zeolites such as 
13X [10] and NaY [11] are commonly suggested.  Metal-Organic Frameworks (MOFs) are another class of 
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Figure 3  Gas adsorption isotherms of CO2, CH4, N2, H2, and H2O, at 298K 
This data shows that the modified frameworks have a sharper uptake of CO2 than the unmodified Cu3(BTC)2.  Both 
Cu3(BTC)2 and Sc3(BTC)2(OH)3 have similar adsorption capacities at 15 bar.  Sc3(MeBTC)2(OH)3 has a reduced 
CO2 capacity compared to Cu3(BTC)2, which is to be expected given the smaller available pore volume in this 
framework.  As well as a sharper uptake of CO2, the modified frameworks also have a sharper uptake of other gases.  
The simulated water adsorption in Cu3(BTC)2 does not well match that recorded experimentally [21], but recent 
simulations of water in other MOFs shows the need to specifically optimise the electrostatic interactions to achieve 
the correct condensation behaviour [36].  In spite of the incorrect prediction of the absolute amount of water 
adsorbed, the simulations do show that the modified frameworks have similar affinity for water as Cu3(BTC)2.    
4. Multiple Gas Separations 
To evaluate the potential of these frameworks to be used in gas separation processes, the mixed gas adsorption of 
the frameworks was also simulated.  Two different gas mixtures and set of conditions were used, as detailed in 
Table 1.  Both typical pre- and post-combustion gas mixtures were considered with VSA and PSA separations 
respectively.  PSA is most commonly suggested for pre-combustion CO2 capture as the higher gas temperatures and 
pressures at this step suits PSA methods.  Similarly VSA is most commonly suggested for post-combustion because 
of the relatively low pressure of flue gas. 
Table 1  Gas mixtures and conditions for mixed gas adsorption simulations 
 Post-Combustion / VSA Pre-Combustion / PSA 
Working Pressure 0.1 - 10 bar 1 - 15 bar 
Temperature 328 K 393 K 
Fraction CO2 0.15 0.25 
Fraction N2 0.70 0.23 
Fraction H2O 0.15 0.12 
Fraction H2 - 0.40 
 
The selectivities of each of the frameworks are shown in Figure 4 and the working capacity of each framework is 
shown in Figure 5.  This data shows that modifying the framework structure can increase the selectivity of the 
framework for adsorbing CO2 over N2.  While not making the frameworks selective for CO2 over H2O, the 
modifications do increase the tolerance of the framework for H2O.  Both of these effects are likely due to the 
increased affinity for CO2 in the modified frameworks.  Looking at the amount of CO2 adsorbed between the high 
and low pressure points of the separation process shows that modifying the frameworks also increases the amount of 
CO2 captured during the separation cycle.    In terms of the efficiency of each type of separation process, the 
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selectivity of CO2 against N2 is higher in the VSA process, but the water tolerance and, also, the amount of CO2 
adsorbed is higher in the PSA process.  This indicates that these frameworks will be most suited to a use in a PSA 
separation process. 
 
Figure 4  Selectivities for CO2 of different MOFs 
 
Figure 5  Amount of CO2 captures in each separation cycle 
5. Water Stability 
While these materials show promise in respect of their CO2 adsorption capacities, it is also important to gain 
some understanding of the hydrothermal stability of these materials.  This is one of the crucial factors that influence 
the potential usefulness of these materials in practical gas separation processes.  To address this issue two different 
types of calculations were performed.  Firstly the energy of formation of each of the frameworks was estimated by 
calculating the separate energy of each of the molecular components of the frameworks.  From this, energies of 
formation were calculated.  To compare with the energies of the frameworks these calculations were also done using 
the same method as the framework geometry optimizations in Siesta.  These calculations show that while 
Cu3(BTC)2 has an energy of formation of -63 Hartree/cell, the Sc3(BTC)2(OH)3 and Sc3(MeBTC)2(OH)3 frameworks 
both had formation energies of -109 Hartree/cell.  Thus, in comparison to Cu3(BTC)2 each of the modified scandium 
frameworks are more stable in that it takes more energy to decompose them into their constituent parts. 
Molecular dynamics calculations have also been used to estimate the stability of the framework when loaded with 
water.  In these calculations we have followed the general methodology of Greathouse and Allendorf [23].  
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Molecular dynamics using the NPT ensemble was run on the framework for 100ps.  The resulting structure was then 
loaded with 10% by weight of water.  Another NPT molecular dynamics simulation was then run for 500ps.  After 
this the water was removed from the structure and the simulation was continued for another 100ps.  The resultant is 
then characterised by calculating the powder diffraction spectrum before and after loading with water.   
The potential energy of the framework and water molecules was calculated using a modified form of the 
Compass forcefield.  Because of the strong repulsion between the copper ions in Cu3(BTC)2 the normal electrostatic 
and van der Waals potentials were replaced by a Morse potential parameterized to fit the van der Waals interaction 
between the copper ions.  Van der Waals parameters for the scandium ion was also imported from the Universal 
forcefield [37].  The different geometry of Sc3(BTC)2(OH)3 allowed for the interactions between scandium ions to 
be treated using the normal non-bonding parameters.  Partial charges for the atoms in each framework were assigned 
on the basis of DFT B3LYP/LanL2TZ natural population analysis calculations on the paddlewheel structures of 
Cu3(BTC)2 and Sc3(BTC)2(OH)3.  Partial atomic charges for the water were taken from the Compass forcefield. 
The simulated power Xray diffraction patterns of the Cu3(BTC)2 and Sc3(BTC)2(OH)3 frameworks before and 
after loading of water are shown in Figure 6.  This demonstrates that while Sc3(BTC)2(OH)3 retains the same cell 
structure after the loading of water, the cell structure of Cu3(BTC)2 is changed considerably.  Examining the 
resulting atomic trajectory from the calculation showed a similar mechanism to that observed by Greathouse and 
Allendorf in their simulations of water in MOF-5 [23].  The water molecules coordinate to the copper cation and 
then replace the carboxylate linkers, separating them from the metal.  Interestingly the water hydrogens are also 
attracted to the carboxylate oxygens and appear to help compensate the charge resulting from these anions being 
removed from the copper atom.  This is in line with another mechanism proposed by Han et. al. [24].  Unfortunately 
unlike the ReaxFF forcefield used in those simulations, the Compass forcefield does not allow for bond breaking 
and so it is impossible to observe the transfer of hydrogen atoms from water to the carboxylates observed in their 
simulations.  The structure of the Sc3(BTC)2(OH)3 framework remains unchanged as the extra OH anions 
coordinated to the metal prevent water from coordinating to the scandium in the same way.  Thus the water 
molecules are unable to replace the carboxylate anions and the framework retains its crystalline structure.   
 
 
Figure 6  Simulated powder XRD of Cu3(BTC)2 and Sc3(BTC)2(OH)3. 
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6. Conclusion 
Two new frameworks based on the structure of Cu3(BTC)2 have been proposed.  Simulations of single and mixed 
gas adsorption show that these new frameworks have an increased uptake of CO2 and also a greater selectivity of 
CO2 over N2 and H2O.  Calculations have also demonstrated the stability of these frameworks with reference to 
Cu3(BTC)2.  Estimates of the formation energy of each of these frameworks show the modified frameworks to be 
more thermodynamically stable.  Molecular dynamics calculations also show the decomposition of Cu3(BTC)2 upon 
loading with water which is not seen in the analogous modified framework. 
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